By tracking the delocalized states of the two-dimensional hole gas in a p-type GaAs/AlGaAs heterostructure as a function of magnetic field, we mapped out a phase diagram in the density -magnetic field plane. We found that the energy of the delocalized state from the lowest Landau level flattens out as the magnetic field tends toward zero. This finding is different from that for the two-dimensional electron system in an n-type GaAs/AlGaAs heterostructure where delocalized states diverge in energy as B goes to zero indicating the presence of only localized states below the Fermi energy. The possible connection of this finding to the recently observed metal-insulator transition at B = 0 in the two-dimensional hole gas systems is discussed.
the identified metallic phase is very weak and is found to be saturated at low temperatures.
More seriously, to identify a metallic phase by the positive temperature coefficient could be very misleading. It is a well known fact that the resistivity drops continuously at low temperatures even for a high mobility 2DEG (i.e., a system with small r s ) due to the reduction of scattering at low temperatures. [8] To determine whether the electronic wavefunction is localized in the thermodynamic limit (i.e., an infinitely large sample), very low temperatures are required for a system with a large correlation length. Very often, the low-temperatures are not experimentally accessible.
There is an alternative way to determine whether there are delocalized states at B = 0 by tracking the energy position of the delocalized states in the magnetic fields. It is known experimentally that the energy of the delocalized states are centered around the Landau levels in high magnetic field. By following the evolution of their position as B → 0, one can determine whether there are delocalized states at B = 0 in the thermodynamic limit.
This method appears to be effective. For example, it was found that for a 2DEG in a GaAs/AlGaAs heterostructure the position of the delocalized states did not remain at the Landau level centers in the limit of low magnetic field. Instead, they rise up in energy, piercing the fermi surface at some finite magnetic field and tend to infinity in the limit of very low magnetic field. [9] This finding is consistent with the understanding that there are no 2D metallic states in a thermodynamic limit. In the present study, we would like to employ the same experimental method to determine whether there are delocalized states below E F of the 2DHG.
The samples used in this experiment were cut from a p-type GaAs/AlGaAs wafer fabricated by molecular beam epitaxy. A 150Å Al .45 Ga .55 As undoped spacer was used, followed by a 500Å Be-doped ( In high fields, delocalized states follow the Landau level centers as should be expected both for the 2DEG and for the 2DHG. However, this phase diagram at the low-field regime is qualitatively different than the one obtained from the 2DEG [9] . The most striking difference is the flattening out (i.e., delocalized state terminated at a finite density) of the lowest delocalized state in lower and lower field. In the 2DEG data as shown in Fig. 2b , the lowest delocalized state is a minimum at around 3 T and begins to come up sharply, apparently diverging before disappearing in the lowest fields. This continuous rising in chemical potential as B tends to zero represents the "floating" [11] of the delocalized states above the Fermi level. Naturally, a metal to insulator transition would be impossible. There would only be localized states below the Fermi level no matter what the density was in a thermodynamic limit. In contrast, for the present experiment, the minimum occurs at around 4.2 T but then rises to a shallow, apparently linear slope rather than diverge (shown in a magnified view in Fig. 2c ). Notice that both (b) and (c) are plotted over the same range of density to give a fair comparison. To compare the results more quantitatively, we have taken derivatives of these data. We found that the derivative of the data for the 2DEG gets increasingly negative throughout the trace. However, for the 2DHG, the derivative turns around and never gets steeper than −7 × 10 9 cm −2 T −1 as B → 0 which is about an order of magnitude smaller at 2 T than that from the 2DEG data.
We believe this flattening out implies that it is possible for delocalized states to exist at B = 0 for a sufficiently high Fermi energy. One can vary the gate voltage of the sample, thereby changing the density of the hole gas and be able to tune the Fermi level above and below the lowest delocalized state energy. This could therefore conceivably produce a metal to insulator transition. In fact, it was observed by Shashkin et al. [12] in a Si MOSFET, that the position of the delocalized states (determined by a resistivity cut-off method) levels off towards a finite density as B → 0. And it is now commonly accepted that there is indeed a metal-insulator transition in the Si MOSFET. The critical density extrapolated from the figure would be p c = 1.0 ± 0.1 × 10 11 cm −2 (corresponding to r s = 13.7). There is another apparent difference between the two systems. For the 2DHG, the minimum of the delocalized states occurs at the boundary between the ν = 1 quantum Hall liquid and insulating phase. For the 2DEG, the minimum occurs at the boundary between the ν = 2 spin-degenerate quantum Hall liquid and the insulating phase. We believe this difference is a result of the strong spin splitting in the 2DHG system. It is possible that the energy of the splitting is comparable to the cyclotron energy even at a few Tesla.
Next we would like to discuss the possible connection of our observation with the results yielded from the temperature dependence of the resistivity studies [2, 3] . Figure 3a shows resistivity vs. temperature traces at B = 0 for our lower density sample. The temperature dependence is very weak in the high hole densities (definitely much weaker than that seen in the Si MOSFET and similar to that of the 2DHG [3] ). A zoomed view of Fig. 3a, however, clearly shows the positive temperature coefficient which was used as evidence for a metallic phase [2, 3] . A switch of the positive to negative coefficient occurs at a density of p = 1.38 × 10 11 cm −2 (corresponding to r s = 11.8). Although this density is not exactly the same as that obtained by the delocalized states mapping study described above, there are very close considering the wide range of the density covered for the study. We believe that the result determined by the temperature coefficient study should be valid in determining the crossover density in the thermodynamic limit for this system.
In considering the unusually large spin-split due to the lack of inversion symmetry, there is a natural question whether the suppression of the floating is a result of the spin-orbital scattering. It has been proposed recently that the spin-orbital interaction can change the normal orthogonal symmetry of the system and therefore induce a metallic phase [13] . We would like to add a note here on the possible relevance of the spin-orbital scattering. We have found that the magneto-resistance data at very low-fields consistently show a positive magneto-resistance which reaches a peak always at around B = 1 T. Fig. 4 shows such a trace in the insulating phase. A pronounced peak can be seen at B = 0.8 T (indicated by the arrow), followed by a sharp drop (negative magnetoresistance). It is known that a low-field positive magnetoresistance can be caused by the spin-orbital scattering in both the diffusive regime [14] and in the hopping conduction regime [15] . 
